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Abstract
5-Fluorouracil (5-FU) or 5-FU plus oxaliplatin (FOLFOX) remains the backbone of colorectal cancer chemotherapeu-
tics but with limited success. This could partly be due to the enrichment of cancer stem cells (CSCs) that are re-
sistant to conventional chemotherapy. Therefore, validation of a nontoxic agent that can either cause reversal of
chemoresistance or promote the killing of CSCs would be highly desirable. The current study examines whether
curcumin, the major active ingredient of turmeric, either alone or together with FOLFOX, would be an effective
strategy to eliminate colon CSCs. Exposure of colon cancer HCT-116 or HT-29 cells to FOLFOX that inhibited their
growth led to the enrichment of CSC phenotype as evidenced by increased proportion of CD133-, CD44-, and/or
CD166-positive cells and epidermal growth factor receptor (EGFR) levels. Treatment of FOLFOX-surviving colon
cancer cells with either curcumin alone or together with FOLFOX resulted in a marked reduction in CSCs, as
evidenced by the decreased expression of CD44 and CD166 as well as EGFR and by their ability to form anchorage-
dependent colonies. They also caused disintegration of colonospheres. Increased expression of EGFR in FOLFOX-
surviving cells could be attributed to hypomethylation of the EGFR promoter, whereas an opposite phenomenon
was observed when the FOLFOX-surviving cells were treated with curcumin and/or FOLFOX. These changes were
accompanied by parallel alterations in the levels of DNA methyltransferase 1. In conclusion, our data suggest that
curcumin by itself or together with the conventional chemotherapeutic could be an effective treatment strategy for
preventing the emergence of chemoresistant colon cancer cells by reducing/eliminating CSCs.
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Introduction
Colorectal cancer is the third most common cancer in both men and
women constituting 10% of new cancer cases in men and 11% in
women [1]. Despite the use of aggressive surgical resection and che-
motherapy, nearly 50% of patients with colorectal carcinoma develop
recurrent disease, highlighting the need for improved therapies [1].
There is a growing body of evidence that lend support to the concept
that epithelial cancers including colorectal cancer are diseases driven by
a subset of self-renewing cells, termed cancer stem cells (CSC) or cancer-
initiating cells, that are distinct from bulk of the cells in the tumor [2,3].
CSCs possess the capacity for self-renewal, show the potential to de-
velop into any cell in the overall tumor population, have the ability to
drive continued expansion of the population of malignant cells, and
invade and metastasize [2,3]. Thus, failure to eliminate them is thought
to be one of the underlying causes for recurrence of malignancy. There-
fore, therapeutic strategies that specifically target colon CSCs could be
effective in eradicating colorectal cancer and in reducing the risk of re-
lapse and metastasis.
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5-Fluorouracil (5-FU) or 5-FU plus oxaliplatin (FOLFOX), which
remains the backbone of colorectal cancer chemotherapeutics, pro-
duces incomplete response, resulting in survival of cells that often
leads to cancer recurrence. Continued use of conventional chemother-
apeutics is well known to be associated with added toxicities, some of
which are even fatal. Therefore, validation of a nontoxic agent that
could improve on the current chemotherapeutic regimen would be
highly desirable.
Curcumin (diferuloylmethane), the major active ingredient of tur-
meric (Curcuma longa) with no discernable toxicity, inhibits the growth
of transformed cells [4] and has also been shown to suppress initiation,
promotion, and progression of colon carcinogenesis in carcinogen-
induced rodent models [5,6]. In a phase 1 clinical trial, curcumin was
found to be effective in inhibiting the growth of a variety of tumors [7].
We have recently demonstrated that curcumin, in combination with
either 5-FU or FOLFOX, causes greater growth inhibition of HCT-
116 or HT-29 colon cancer cells than each agent/regimen alone [8].
However, whether curcumin alone or in combination with FOLFOX
would affect colonCSCs is unknown.The present investigationwas, there-
fore, undertaken to examine 1) whether a portion of the FOLFOX-
surviving colon cancer cells contain CSCs and 2) whether they could be
eliminated by curcumin alone or together with FOLFOX.
Materials and Methods
Cell Lines and Cell Cultures
Human colon cancer HCT-116 and HT-29 cells were obtained
from the American Type Culture Collection (ATCC, Rockville, MD).
Cells were maintained in Dulbecco’s modified Eagle medium (DMEM;
4.5 g/L D-glucose) supplemented with 10% FBS and 1% antibiotic/
antimycotic in tissue culture f lasks in a humidified incubator at 37°C
in an atmosphere of 95% air and 5% carbon dioxide. The medium
was changed two times a week, and cells were passaged using 0.05%
trypsin/EDTA.
Unless otherwise stated, FOLFOX-surviving colon cancer cells
were generated by incubating HCT-116 or HT-29 cells with a mix-
ture of 50 μM5-FU and 1.25 μMoxaliplatin (FOLFOX) for 48 hours.
The adherent cells, which survived the FOLFOX insult, were subjected
to trypsin/EDTA treatment.
In some experiments, FOLFOX-resistant colon cancer cells were
used. They were generated by exposing HCT-116 or HT-26 cells
to FOLFOX at clinically relevant doses and schedules. The exposing
schedule was for 12 cycles; each cycle lasted for a week. Brief ly, the
cells were first exposed to FOLFOX (25 μM 5-FU and 0.625 μM
oxaliplatin) for 72 hours. The surviving cells were then cultured in
normal medium without the drugs for 4 to 5 days. The cycle was
repeated 12 times. The surviving cells were then split and exposed
to higher doses of FOLFOX (50 μM 5-FU + 1.25 μM oxaliplatin
or 100 μM 5-FU + 2.5 μM oxaliplatin) for 2 to 3 d/wk for approx-
imately 4 weeks. Finally, the resistant cells were maintained in normal
culture medium containing a low dose of FOLFOX (5 μM 5-FU +
0.125 μM oxaliplatin).
Growth Inhibition Assay
Inhibition of cell growth in response to curcumin and/or FOLFOX
was assessed by 3-(4,5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay as described previously [8]. Briefly, cells were
dispersed by trypsin-EDTA treatment and 2.5 × 104 cells per milliliter,
resuspended in DMEM containing 10% FBS, and seeded into 96-well
culture plates with six replicates. After 24 hours of plating, incubation
was continued for another 48 hours in the absence (control) or presence
of different testing agents as described in the legends to the figures.
At the end of the 48-h incubation period, the reaction was terminated
by adding 20 μl of 5-mg/ml stock of MTT to each well. The reaction
was allowed to proceed for 3 to 4 hours at 37°C. The culture medium
was then removed. The formazan crystals were then dissolved by add-
ing 0.1 ml of dimethyl sulfoxide. The intensity of the color that devel-
oped, which is the ref lection of number of live cells, was measured at a
wavelength of 570 nm. All values were compared with the corre-
sponding controls. All assays were performed with six replicates.
Western Blot Analysis
Western blot analysis was performed essentially according to our
standard protocol [8,9]. Briefly, the cells were solubilized in lysis
buffer (50 mM Tris, 100 mM NaCl, 2.5 mM EDTA, 1% Triton
X-100, 1% Nonidet P-40, 2.5 mM Na3VO4, 25 μg/ml aprotinin,
25 μg/ml leupeptin, 25 μg/ml pepstatin A, and 1 mM phenylmethyl-
sulfonyl fluoride). After clarification at 10,000g for 15 minutes, the
supernatant was used for Western blot analysis. In all analyses, protein
concentration, determined by the Bio-Rad Protein Assay kit (Bio-Rad,
Hercules, CA), was standardized among the samples. Aliquots of cell
lysates containing 50 μg of protein were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. After electrophoresis, pro-
teins were transferred electrophoretically onto supported nitrocellulose
membranes (Osmonics, Gloucester, MA). Membranes were incubated
for 1 hour at room temperature with blocking buffer, TBS-T (20 mM
Tris, pH 7.6, 100 μMNaCl, 0.1% Tween-20) and 5% nonfat dry milk
with gentle agitation. After washing the membranes with TBS-T, they
were incubated overnight at 4°C in TBS-T buffer containing antibody
dilution buffer as suggested by the manufacturer and with antibodies
(1:1000 dilution) to CD44, CD166 (Santa Cruz Biotechnology, Santa
Cruz, CA), or epidermal growth factor receptor (EGFR; Cell Signaling,
Beverly, MA). The membranes were washed three times with TBS-T
and subsequently incubated with appropriate secondary antibodies
(1:5000 dilutions) in TBS-T containing 5% milk for 1 to 2 hours at
room temperature with gentle agitation. The membranes were washed
again with TBS-T, and the protein bands were visualized by enhanced
chemiluminescence (ECL) detection system (Amersham, Piscataway,
NJ). The membranes containing the electrophoresed proteins were
exposed to X-Omat film (Sigma-Aldrich, St Louis, MO). The mem-
branes were stripped (2 × for 15 minutes at 55°C) in stripping buffer
containing 100 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate,
and 62.5 mM Tris-HCl pH 6.7, and reprobed for β-actin using
corresponding antibodies, which was used as a loading control. All
Western blots were performed at least three times for each experiment.
Isolation of RNA and Quantitative Polymerase Chain
Reaction Analysis
Total RNA was extracted from parental and FOLFOX-surviving
HCT-116 cells using RNA-STAT solution (Tel Test, Friendswood,
TX) according to the manufacturer’s instruction. The total RNA was
treated with DNase I to remove contaminating genomic DNA, sub-
sequently purified using RNAeasy Mini Kit (Qiagen, Valencia, CA).
RNA concentration was measured spectrophotometrically at an optical
density of 260 nm.
Quantitative reverse transcription–polymerase chain reaction (RT-
PCR) was performed using the GeneAmp RNA PCR Kit (Applied
Biosystems, Foster City, CA). Briefly, 1 μg of purified RNA was
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reverse-transcribed in the presence of 2.5 mM MgCl2, 1× RT-PCR
buffer, 1 mM dNTPs, 10 mM dithiothreitol, 10 U of RNase inhib-
itor, 1.25 μM random hexamers, and 15 U of MultiScribe Reverse
Transcriptase in a final reaction volume of 20 μl. Mix the compo-
nents, briefly spin down, and incubate at 25°C for 10 minutes for
hybridization. The reactions were carried out at 42°C for 15 minutes
in a GeneAmp PCR System 9600 (Perkin-Elmer) and then by cool-
ing to 4°C. The RT reactions were subjected to quantitative PCR
amplification. Five microliters of complementary DNA products was
amplified with SYBR Green Quantitative PCR Master Mix (Applied
Biosystems). PCR primers were used as follows: CD44 forward: 5′-
aaggtggagcaaacacaacc-3′ and reverse: 5′-aactgcaatgcaaactgcaag-3′,
CD166 forward: 5′-tagcaggaatgcaactgtgg-3′ and reverse: cgcagaca-
tagtttccagca-3′, and β-actin forward: 5′-cccagcacaatgaagaatcaa-3′ and
reverse 5′-acatctgctggaaggtggtggac-3′. Reactions were carried out
in Applied Biosystems 7500 Real-Time PCR System; first, hold for
10 minutes at 95°C for activated DNA polymerase and were followed
by 15 seconds at 95°C and 60 seconds at 60°C for 40 cycles.
Methylation-Specific PCR of Human EGFR Promoter
Genomic DNA was extracted from HCT-116 Cells, FOLFOX-
Surviving HCT-116, and the treated survivor cells as described
previously [10]. Bisulfite modification of DNA to convert all un-
methylated cytosines to uracil and then to thymidine during the sub-
sequent PCR step while leaving the methylated cytosines unaffected
was done as described by Herman et al. [11]. Modified DNA was
desulfonated and purified using the Zymo-Spin IC columns accord-
ing to the manufacturer’s instructions (ZYMO Research, Orange,
CA) eluted into 10 μl of water. The bisulfite-treated DNA was used
for PCR amplification of a human EGFR promoter fragment. Am-
plification of a methylated 103-bp product (from positions 573 to
675; accession no. gi3118) was carried out using a combination of
forward (5′-TTTAGAGGGGTAGTGTTGGGAACGT-3′) and
reverse primers (5′-GCGAAACCTAATCTCCGACGAA-3′). The
primers for amplification of the unmethylated 107-bp DNA fragment
were 5′-GTTTAGAGGGGTAGTGTTGGGAATGT-3′ (forward
primer) and 5′-CCCACAAAACCTAATCTCCAACAAA-3′ (reverse
primer). The forward primer for the methylated template had a single
mismatch at the 3′-end, whereas the reverse primer for the methyl-
ated template has two mismatches at the 3′-end. These mismatches
were expected to confer sufficient selectivity and specificity for am-
plification of the methylated template. For PCR amplification, the
annealing temperature was 65°C. PCR amplification was done by
using 10 ng of treated DNA as the template in a final volume of
25 μl. Reactions were hot-started at 95°C for 5 minutes before am-
plification in an Eppendorf thermal cycler for 40 cycles (30 seconds
at 95°C, 30 seconds at 65°C, and 30 seconds at 70°C) followed by a
final 4-minute extension at 72°C. Controls without DNA were done
for each set of PCRs. Each PCR product (10 μl) was directly electro-
phoresed and visualized after ethidium bromide staining of 3% aga-
rose gels. Densitometric measurements of the scanned bands were
performed using the digitized scientific software program UN-SCAN-
IT (Silk Scientific, Orem, UT). Data were normalized to β-actin.
Flow Cytometric Analyses
Parental (control) and FOLFOX-surviving colon cancer cells were
subjected to direct immunofluorescence staining followed by f low
cytometric analyses. Briefly, the cells were harvested and washed with
PBS. Half a million cells were suspended in 90 μl of PBS containing
0.5% BSA for 10 minutes at room temperature followed by the
addition of 10 μl of Alexa Fluor 488 fluorescent dye conjugated
to CD44 monoclonal antibody (Cell Signaling) and incubated for
30 minutes in the dark at room temperature. The samples were then
washed and analyzed using a FACS DiVa (BD, San Jose, CA).
Colonosphere Formation or Disintegration
To examine the effects of different agents on the formation of colono-
spheres, the cells were suspended in serum-free stem cell medium con-
taining DMEM/F12 (1:1) supplemented with B27 (Life Technologies,
Gaithersburg, MD), 20 ng/ml EGF (Sigma, St Louis, MO), 10 ng/ml
fibroblast growth factor (Sigma), and antibiotic-antimycotic. The cells
(200 per well) were then plated in an ultra low-attachment 96-well plate
(Corning Inc, Lowell, MA). Once the colonospheres were formed after
10 days, they were incubated in the absence (controls) or presence of the
testing agent(s) for 5 days and evaluated for the number of colono-
spheres by light microscopy.
Statistical Analysis
Unless otherwise stated, data are expressed as mean ± SEM. Where
applicable, the results were analyzed using analysis of variance fol-
lowed by Fisher protected least significant differences or Scheffé test.
P < .05 was designated as the level of significance.
Results
Currently, CSCs are identified by specific surface epitopes. Colon
CSCs have been shown to express surface markers CD44, CD166,
CD133, and epithelial-specific antigen (also known as EpCAM)
[12,13]. CSCs also show resistance to a number of conventional ther-
apies [14], which may explain why it is difficult to completely erad-
icate cancer and why recurrence is an ever-present threat.
The first set of experiments was undertaken to determine whether
colon CSCs are present in HCT-116 cells and whether their propor-
tion changes by FOLFOX. The FOLFOX-resistant colon cancer
HCT-116 cells, which were generated by prolonged exposure to
two different doses of FOLFOX and the parental HCT-116 cells
(untreated controls), were analyzed for colon CSCs by tagging them
with CD44 antibodies and subsequently sorting them by flow cytome-
try. The results revealed that the proportion of CD44-positive
cells, representing colon CSCs, in untreated parental control cells
consisted only 0.04% of total cells, whereas in FOLFOX-resistant
HCT-116 cells, their proportion was increased by at least 10-fold
(Figure 1). The results show a marked rise in colon cancer–like cells
in FOLFOX-resistant colon cancer cells.
Previously, we have demonstrated that FOLFOX inhibits the growth
of colon cancer cells in vitro [8]. However, whether and to what extent
FOLFOX affects the growth of colon CSCs is unknown. To examine
the effect of FOLFOX on the growth of colon CSCs, HCT-116 cells
were incubated in the absence (controls) or presence of FOLFOX for
48 and 96 hours. They were then assayed for overall cell growth by
MTTassay and for changes in the proportion of colon CSCs by exam-
ining the expression of CD133, CD44, and/or CD166. As expected,
FOLFOX at a dose of 50 μM 5-FU + 1.25 μM oxaliplatin inhibited
the growth of HCT-116 cells by 50% and 60% at 48 and 96 hours,
respectively, and this inhibition was accompanied by a concomitant in-
crease in the levels of CD133 when compared with the corresponding
controls (Figure 2A). The relative concentrations of CD44 and CD166
messenger RNA (mRNA) were also found to be markedly higher (1.5-
to 3.7-fold) in FOLFOX-surviving HCT-116 cells when compared
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with the corresponding controls (Figure 2B). Taken together, the results
indicate that whereas FOLFOX inhibits the growth of HCT-116 cells,
the proportion of colon CSCs increases after FOLFOX treatment.
The primary objective of the current investigation was to test our
hypothesis whether curcumin either alone or together with FOLFOX
would eliminate colon CSCs. To accomplish this objective, HCT-
116 (wt) and HCT-116 (p53−/−) cells, which survived the 72-hour
exposure to FOLFOX, were incubated for another 72 hours with the
media (controls), FOLFOX, curcumin, or a combination of curcu-
min and FOLFOX and subsequently analyzed for protein levels of
CD44 and CD166. The FOLFOX-surviving p53-positive (wt) and
p53-null (p53−/−) HCT-116 cells showed a marked increase in
CD166 levels compared with untreated parental controls (Figure 3).
The levels of CD44 in HCT-116 (wt) cells were also found to be higher
in FOLFOX-surviving cells than in untreated controls (Figure 3). Like-
wise, EGFR levels were also found to be higher in FOLFOX-surviving
HCT-116 (wt) cells compared with untreated parental controls (Fig-
ure 3). Exposure of FOLFOX-surviving HCT-116 (wt or p53−/−) cells
to the same concentration of FOLFOX for another 72 hours produced
no apparent change in CD166, CD44, or EGFR levels when compared
with those incubated with the medium alone (Figure 3). In contrast,
curcumin either alone or together with FOLFOX caused a marked re-
duction in CD166, CD44, and EGFR levels in FOLFOX-surviving
HCT-116 cells when compared with the corresponding media-treated
or untreated parental controls (Figure 3). These observations suggest
that the combination of curcumin and FOLFOX is highly effective
in eliminating most colon CSCs. Moreover, our observation that the
combination of curcumin and FOLFOX was equally effective in inhib-
iting CD166 expression in HCT-116 (WT) and HCT-116 (p53−/−)
cells suggests that the effect of the combination treatment on the elim-
ination of colon CSCs is independent of p53 status.
Our current observation showing higher expression of CSC markers
and EGFR in FOLFOX-surviving colon cancer HCT-116 cells over the
parental cells suggests a relationship between colon CSCs and EGFR.
The latter is known to play a crucial role in regulating several pathways
Figure 1. Sorting of anti-CD44 antibodies–tagged untreated (control) and FOLFOX-resistant HCT-116 cells by flow cytometry. FOLFOX-
resistant HCT-116 cells were generated by exposing HCT-116 to 25 μM 5-FU and 0.625 μM oxaliplatin for 48 to 72 hours and subse-
quently cultured them in normal medium without the drugs for 4 to 5 days. The cycle was repeated 12 times. The surviving cells were
then split and exposed to higher doses of FOLFOX (50 μM 5-FU + 1.25 μM oxaliplatin or 100 μM 5-FU + 2.5 μM oxaliplatin) for 2 to
3 days a week for approximately 4 weeks. The FOLFOX-surviving cells were maintained in normal culture medium containing a low dose
of FOLFOX (5 μM 5-FU + 0.125 μM oxaliplatin).
Figure 2. (A) Exposure of HCT-116 cells to FOLFOX (50 μM 5-FU +
1.12 μM oxaliplatin) for 48 and 96 hours inhibits growth but in-
creases the proportion of CD133-positive cells as analyzed by flow
cytometry after tagging with anti-CD133 antibodies. (B) Levels of
CD44 and CD166 mRNA in HCT-116 cells that survived the con-
tinuous exposure of FOLFOX (50 μM 5-FU + 1.12 μM oxaliplatin)
for 7 and 9 days. The controls represent the parental cells that
were incubated with vehicle only. *P < .01, compared with the
corresponding control.
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that affect tumor cell survival, angiogenesis, motility, and invasiveness
[15–17]. Although the mechanisms for increased expression of EGFR
in FOLFOX-surviving HCT-116 cells and attenuation of the same
with curcumin and/or FOLFOX are not known, we examined the pos-
sibility of whether they could, in part, be attributed to changes in meth-
ylation status of the EGFR promoter. We observed that the levels of
EGFR mRNA, when normalized for the corresponding β-actin, was
approximately 80% higher in media-treated FOLFOX-surviving
HCT-116 cells than in untreated parental cells (Figure 4, A and B, lower
panel ). This increase was associated with a marked reduction (>90%) in
methylation of the EGFR promoter when compared with the untreated
parental cells (Figure 4, A and B, upper panel ). Treatment of FOLFOX-
surviving HCT-116 cells with either curcumin or FOLFOX, which in-
hibited EGFR expression, caused a partial or complete reversal of the
EGFR methylation status when compared with the media-treated cells
(Figure 4, A and B, upper panel ).We have observed that whereas further
treatment of FOLFOX-surviving cells with FOLFOX increased meth-
ylation of the EGFR promoter to only approximately 30% of the
Figure 3. Western blot showing changes in the levels of CD166, CD44, and EGFR in parental (untreated control) and FOLFOX-surviving
HCT-116 (wt) cells and CD166 in FOLFOX-surviving p53−/− HCT-116 cells after further incubation with the media, FOLFOX (50 μM 5-FU +
1.12 μM oxaliplatin), curcumin (20 μM), or curcumin + FOLFOX.
Figure 4. (A) Representative photograph showing PCR-amplified methylated human EGFR promoter (103 bp; upper panel) and RT-PCR–
generated unmethylated human EGFR (107 bp; middle panel) and β-actin (bottom panel). (B) Histogram of data from densitometric
analyses of the bands in panel A, normalized for the corresponding β-actin. (C) Western blot showing changes in the levels of Dnmt1
(DNA 5-cytosine methyltransferase) in parental and FOLFOX-surviving HCT-116 cells that were incubated in the absence (control), or
presence of curcumin (20 μM), FOLFOX (50 μM 5-FU + 1.12 μM oxaliplatin), or curcumin + FOLFOX.
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untreated parental cells, treatment with either curcumin alone or
together with FOLFOX stimulated the same to 120% to 130% of
the untreated parental cells (Figure 4, A and B, upper panel ). To further
determine the underlying mechanisms for the aforementioned changes
in methylation status of the EGFR promoter in FOLFOX-surviving
HCT-116 cells, we carried out Western blot analysis to examine the
expression of DNA 5-cytosine methyltransferase 1 (Dnmt1), an en-
zyme that catalyzes methylation of DNA at cytosine residues in mam-
malian cells. Although three families of DNA methyltransferases have
been identified, Dnmt1 is the most abundant, and is constitutively
expressed in proliferating cells and functions as maintenance methyl-
transferase [18–20]. We have observed that the marked reduction
(>90%) in methylation of the EGFR promoter in media-treated
FOLFOX-surviving HCT-116 cells was associated with a concomitant
decrease in Dnmt1 levels when compared with the untreated parental
cells (Figure 4C ). Further treatment of FOLFOX-surviving cells with
FOLFOX, which produced only a small reversal of methylation of
EGFR, did not produce any appreciable change in Dnmt1 levels over
the media-treated FOLFOX-surviving cells (Figure 4C ). In contrast,
curcumin alone or together with FOLFOX, each of which completely
reversed the methylation status of the EGFR promoter, increased
Dnmt1 to the levels of untreated parental cells (Figure 4C).
Use of surface epitopes as authentic markers of CSC remains con-
troversial because of their presence in early progenitor cells [21]. In
view of this, the next set of experiments was conducted where trans-
formation properties of CSCs were examined. One of the transfor-
mation properties of CSCs is their ability to form colonies. Using
anchorage-dependent colony formation as one of the properties of
CSCs, we found FOLFOX-surviving HCT-116 cells to form colonies
within approximately 3 weeks (Figure 5). Incubation of FOLFOX-
surviving cells with either curcumin alone or together with FOLFOX
resulted in a 95% to 99% reduction in colony formation (Figure 5).
However, FOLFOX alone produced only approximately 50% reduc-
tion in colony formation when compared with the media-incubated
controls (Figure 5).
Another property of CSC is their ability to form spheroids [22].
Indeed, incubation of colon cancer HCT-116 and HT-29 cells in
serum-free stem cell medium resulted in the formation of colono-
sphere during a period of 10 days. Incubation of colonosphere(s)
with FOLFOX, curcumin, or curcumin together with FOLFOX
for 5 days resulted in a marked disintegration of colonosphere(s)
when compared with the corresponding controls (Figure 6A). Highest
disintegration was observed in response to the combination of curcu-
min and FOLFOX (Figure 6).
Discussion
The long-held view of tumor development, described in the stochas-
tic model, is that every tumor cell is capable of initiating neoplastic
Figure 5. Representativephotographshowinganchorage-dependent
colony formation by FOLFOX-surviving HCT-116 cells in the absence
(control) or presence of FOLFOX (50 μM5-FU+ 1.12 μMoxaliplatin),
curcumin (20 μM), or curcumin + FOLFOX.
Figure 6. Representative photograph showing disintegration of colonospheres of HCT-116 (A) and HT-29 (B) cells after incubating with
FOLFOX (50 μM 5-FU + 1.12 μM oxaliplatin), curcumin (20 μM), or curcumin + FOLFOX for 5 days. The controls were incubated with the
medium only.
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growth. However, this theory has been challenged by the CSC the-
ory, which suggests that only a small proportion of cells within a
tumor, which are termed as CSCs, actually possess cancer-initiating
potential and are thought to be responsible for tumor development
and sustain growth [3]. CSCs are widely believed to arise from the
normal stem cells or progenitor cells on mutation(s) [14]. They pos-
sess the ability to self-renew and differentiate, giving rise to hetero-
geneous tumors. Currently, CSCs are identified by specific surface
epitopes. Colon CSCs have been shown to express surface markers
CD44, CD166, CD133, and epithelial-specific antigen (also known
as EpCAM) [12,13]. Cells expressing these surface epitopes have the
ability to form tumors at a much diluted concentration in severe
combined immunodeficient mice and histologically resemble the pri-
mary tumor from which they were derived [12,13].
Our current observation that only 0.04% of the total colon cancer
HCT-116 cells represent CD44-positive cells indicates that only a
very small proportion of HCT-116 cells are CSCs. Such an observa-
tion is in agreement with the CSC theory, which states that only a
small proportion of cells within the tumor are responsible for initi-
ating and maintaining the processes of carcinogenesis. It has been
suggested that CSCs represent the source of malignant cells in a pri-
mary tumor and are also thought to constitute a reservoir of drug-
resistant cells that are responsible for the recurrence of cancer. Our
observation showing a 10-fold increase in the proportion of CD44-
positive HCT-116 cells after prolonged treatment with FOLFOX
could be interpreted as due to sparing of colon CSCs by this chemo-
therapy regimen. This inference is supported by the observation that
the short-term (48-72 h) treatment of HCT-116 cells also leads to a
further increase in colon CSCs as evidenced by increased expression
of CD44 and CD166. Our observation that the levels of EGFR are
also increased in FOLFOX-surviving HCT-116 cells suggests that
induction of certain growth factor receptors particularly EGFR
may contribute to CSC growth and/or survival, leading to a greater
chance of malignant progression. Numerous studies have indicated a
role for EGFR in the development of colonic neoplasia, an event that
has been observed in almost all epithelial cancers [23,24]. In fact,
40% to 50% colon tumors show increased expression of EGFR [24].
That CSCs show resistance to a number of conventional therapies
may explain why it is difficult to completely eradicate cancer and why
recurrence is an ever-present threat [2,14]. Thus, therapeutic strate-
gies that specifically target colon CSCs are likely to be effective in
eradicating tumors and in reducing the risk of relapse and metastasis.
5-Fluorouracil or FOLFOX, which remains the backbone of colorec-
tal cancer chemotherapeutics, shows limited success. In addition to
the lack of response of advanced colorectal cancers to conventional
chemotherapeutics, there are also costs of additional toxicities, some
of which are even fatal. Therefore, validation of a nontoxic agent that
could improve on the current chemotherapeutic regimen would be
highly desirable. Recently, we reported that curcumin, the major active
ingredient of turmeric with no discernable toxicity, inhibits the growth
of transformed cells, suppresses initiation, promotion, and progression
of colon carcinogenesis [5,6], and synergizes with FOLFOX to inhibit
the growth of colon cancer cells [8]. Our current data further demon-
strate that curcumin either alone or together with FOLFOX could be
effective in eliminating colon CSCs. Support for this inference comes
from the observation that curcumin alone or together with FOLFOX
not only attenuates the expression of several colon CSC markers and
EGFR in FOLFOX-surviving colon cancer cells but also inhibits colony
formation and disintegrates colon cancer cell spheres formed by the
FOLFOX-surviving cells. Furthermore, the effect of the combination
therapy on elimination of colon CSCs seems to be independent of
p53 status because the magnitude of reduction of CD166 levels is
similar in both p53-positive (WT) and p53-null HCT-116 cells. Addi-
tional support for this inference comes from the observation that the
extent of disintegration of colonosphere(s) formed by HCT-116
(WT) and p53-mutant HT-29 cells is also very similar in response to
the combination therapy.
Although the mechanisms for increased expression of different
markers of CSCs and EGFR in FOLFOX-surviving cells and their
inhibition by curcumin and/or FOLFOX are poorly understood,
our data suggest that, at least for EGFR, this could be due to changes
in methylation of the gene. DNA methylation is the addition of a
hydrophobic methyl group to cytosine in a CG sequence. Methylation
of CpG sequences stabilizes chromatin, prevents binding of transcrip-
tion factors, and is thought to be one of the primary mechanisms by
which genes are turned on and off developmentally [25–27]. For exam-
ple, hypermethylation of the EGFR promoter by folic acid and its
metabolites has been shown to result in decreased expression of the re-
ceptor [28]. Hypermethylation has also been shown to cause functional
inactivation of p16INK4A [29]. Our current observation showing in-
creased EGFR expression in FOLFOX-surviving colon cancer HCT-
116 cells and reduction of the same in response to curcumin and/or
FOLFOX could be attributed to hypomethylation and hypermethyla-
tion of the EGFR promoter, respectively. Although the precise regula-
tory mechanisms for changes in methylation status of EGFR promoter
in FOLFOX-surviving cells in response to different treatments are not
fully understood, our observation of parallel alterations in DNA 5-
cytosinemethyltransferase levels with hypomethylation andhypermethyl-
ation of the promoter suggests a role for the enzyme in this process.
In conclusion, our data suggest that curcumin by itself or in com-
bination with the conventional colon cancer chemotherapeutic regimen
could be an effective therapeutic strategy to prevent the emergence of
chemoresistant colon cancer cells by reducing/eliminating the CSCs.
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